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MiCROBIOLOCICALLY  INFLUENCED 
CORROSION  iMTO  designates  corrosion  due 
to  the  presence  and  aaivities  of  microorganisms. 
Microorganisms  can  accelerate  rates  of  partial 
reactions  in  corrosicx  processes  and/or  shift  the 
mechanism  lor  eormion  t Ret'  l).  Most  labora¬ 
tory  and  held  MIC  studies  have  focused  on 
bacterial  insolvent  cut;  however,  oihcr  single- 
celled  organisms,  mdudmg  fungi,  cm  influence 
corrosion.  This  anicle  focuses  on  MIC  ol 
military  asscis  and  is  divided  mio  atmospheric, 
hydrocarbon  and  water  immersed,  and  buried 
environments.  Individual  mechanisms  lor  MIC 
arc  discussed  for  spec  ilk  examples.  More  gen¬ 
eral  discussions  of  MIC  are  found  in  die  articles 
“Microbiological  ly  In  licenced  CnmsnuT'  and 
“Microbiological  ly  Influenced  Corrosion  Test¬ 
ing*  m  .\SM  Haruihmk,  Volume  I3A.  21)03, 


General  Information  about 
Microorganisms 

Liquid  water  is  needed  for  all  forms  ot  life,  and 
availability  of  water  inlluence s  the  distribution 
and  growth  ol  microorganisms.  Water  avail¬ 
ability  can  he  expressed  as  water  activity  tu*j 
with  values  ranging  from  0  to  1  Microbial 
growth  has  been  documented  over  a  range  ol 
water  activities  from  0.60  to  03WL  Micro- 
organisms  can  grow  in  the  temperature  range  in 
which  water  exists  as  a  liquid,  approximately  0 
to  100  C  (32  to  212  Fl.  Microorganisms  can 
grow  over  a  range  of  I  I)  pH  units  or  more  t  Ret  2 ). 
Many  microorganisms  can  withstand  hundred¬ 
fold  or  greater  variations  in  pressure.  The  highest 
pressure  found  in  die  ocean  is  slightly  inhibitory 
to  growth  of  many  microorganisms.  Heavy  mcuil 
concentration*  as  low  as  It)  *  \t  can  inhibit  the 
grow lli  of  some  microorganisms,  while  others 
may  combine  to  grow  at  concentrations  ol  a 
mi  1 1  ion  I  old  or  greater  Microbial  species  show 
thousandfold  differences  m  susceptibility  to 
irradiation  I  Ref  3). 

Microorganisms  also  require  nutrients  and 
electron  acceptors.  Alt  organisms  require  car¬ 
bon.  nitrogen,  phosphorus,  and  sulfur,  in  addition 


to  trace  elements.  Microorganisms  can  use  many 
organic  and  inorganic  materials  as  sources  of 
nutrients  and  energy  (Ref  2).  Organisms  dial 
require  oxygen  as  the  terminal  electron  acceptor 
in  respiration  are  referred  to  as  aerobes.  Anaer¬ 
obes  grow  in  ihe  absence  of  oxygen  and  can  use  a 
variety  of  terminal  electron  acceptors,  including 
sulfate,  nitrate.  Fe'\  Mil  "J.  and  others.  Organ¬ 
isms  that  can  use  oxygen  in  addition  to  alternate 
electron  acceptors  are  known  as  lacultaiive 
anaerobes.  Microbial  nuintum  and  respiration 
are  coupled  and  adapted  to  environmental 
conditions.  Additionally,  microorganisms  living 
m  consortia  can  produce  growth  conditions, 
nutrients,  and  electron  acceptors  not  available  in 
the  bulk  environment. 


Atmospheric  Corrosion 

Because  fungi  are  the  most  desiccant- resist  am 
microorganisms  and  can  remain  active  down  to 

=  0.61)  t Ref  4k  they  arc  the  microorganisms 
most  frequently  involved  m  atmospheric  MIC, 
Most  lungi  are  aerobes  and  are  found  only  m 
aerobic  habitats.  Fungi  are  nonpluuosynthctic 
organisms,  having  a  vegetative  structure  known 
as  a  hypliae.  the  outgrowth  of  a  single  micro¬ 
scopic  reproductive  cell  or  spore.  \  mass  ot 
threadlike  hypliae  make  up  a  mycelium.  Mycelia 
are  capable  of  almost  mdelimte  growth  in  the 
presence  of  adequate  moisture  and  nutrients  so 
that  fungi  often  reach  macroscopic  dimensions 
Spores,  the  non  vegetative  dormant  stage,  can 
survive  long  periods  of  unfavorable  growth 
conditions  (drought  and  starvation).  VVhen 
conditions  for  growl  h  are  favorable,  spores 
germinate 

Biodeterioration  due  to  fungi  bus  been  docu¬ 
mented  for  the  following  uonmetallic  military 
assets:  eellulosics  i  paper,  composition  hoard, 
and  wood):  photographic  film:  polyvinyl 
chloride  lilms:  sonar  diaphragm  coatings:  map 
coal  ings:  paints:  textiles  t  cm  ton  and  w  ool  i:  vinyl 
jackets;  leather  shoes:  feathers  and  down:  natural 
and  synthetic  rubber:  optical  instruments: 
mechanical,  electron ic,  and  electric  equipment 


tradar,  radio,  flight  instalments,  wire  strain 
gages,  and  helicopter  rotors):  hammocks:  tape: 
thermal  insulation;  and  huilding  materials.  Fungi 
cause  corrosion  in  atmospheric  environments  by; 
acid  production,  indirect  dissolution  of  coatings, 
or  direct  degradation  of  coatings,  Direct  degra¬ 
dation  is  related  to  derivation  of  nutrient*.  Fungi 
assimilate  organic  material  and  produce  organic 
acids  including  oxalic,  lactic,  formic,  acetic,  and 
citric  ( Rel  4i 

Researchers  isolated  the  following  fungal 
genera  from  polyurethane-coated  2024  alumi¬ 
num  helicopter  interiors  (Ref  5i;  Pcsutioitit* 
Tru  tuntermu.  Epwottum.  Phtmut,  Stanpiniiuffi, 
Hi'nrifHtiriiM  i aKo  known  as 
Petit*  illiiwt,  and  \umtitii,\uiiwn  Ipig.  li  Sev  eral 
eenera.  including  Aurrulttisitliitm.  penetrated 
the  polyurethane  topcoat  but  not  the  chromate 
primer  The  result  was  disbonding  of  the*  topcoat 


pjrt  ]  Ifitmnrs  ol  H-l  \f  tyilitiiprt'r  "Kiiwmii  tungal 
on  | n4vurrth.inr  painuM  Hiri,u  i-s 
i,ii  c  hrrsitu  hr  OiHuil  unable  proeiMiini* 


212  /  Corrosion  in  Specific  Environments 


l Fig.  2),  With  no  corrosion  of  the  base  metal  as 
long  as  the  primer  was  intact.  The  biocidal 
properties  of  tine  chromate  primer  (Ref  6)  were 
documented.  None  of  the  isolates  in  the  study 
detailed  in  Ret  5  degraded  the  polyurethane 
coating  dingily  as  a  sole  source  of  nutrients: 
however  M  |rew  on  hydraulic  lluid  that  accu¬ 
mulated  on  painted  interiors  during  routine 
derations  Glossy  rimsh  polyurethane  was 
colonized  more  rapidly  than  the  same  formula¬ 
tion  with  a  Ik  finish.  Aged  paint  fouled  more 
rapidly  th;m  did  new  coalings.  Laboratory  tests 
demonstrated  ihat  in  the  presence  of  hydraulic 
Hind,  all  of’ the  isolates  caused  localized  corro¬ 
sion  of  bare  2024  aluminum.  It  was  demonstrated 
(Ref  5}  that  performance  specification  (MIL  PRF 
85570)  for  cleaning  painted  aircraft  interiors  is 
effective  in  removing  fungal  spores  but  does  not 
kill  fungal  cells  embedded  in  the  paint.  Fungal 
regrowth  wus  observed  within  days  of  cleaning. 

Numerous  reports  document  fungal  degrada¬ 
tion  of  coatings  and.  in  some  cases,  corrosion  of 
the  underlying  metal  (Ref  7-9)  in  atmospheric 
exposures.  Ir  ras  reported  (Ref  10)  ihat  ship 
cargo  holds  coated  with  chlorinated  rubber  and 
carrying  dry  cereals  and  woods  were  severely 
corroded  within  months.  Heavy  pitting  and 
reduced  thickness  of  the  steel  plate  were 
observed.  Corrosion  products  were  populated 
with  viable  fungi  It  was  demonstrated  (Ref  10) 
that  the  fungi  derived  nuinents  from  degradation 
of  protective  coatings  in  addition  to  the  cargo. 
Corrosion  resulted  from  acidic  metabolic  by¬ 
products.  Deterioration  oj  the  epoxy  resin  coal¬ 
ing  of  ship  fields  tilled  with  molasses,  fatty  oils, 
and  other  fluid  cargoes  was  reported  (Ref  I  1 ), 
Oihers  iRef  I2l  siudied  direct  microbial  degra¬ 
dation  of  coatings.  >uch  as  Buna-\  la  polymer 
of  acrylonitrile  and  butadiene i:  polyurethane  ta 
carbamate  polymer  I:  and  a  polysutlide.  They 
tound  ihat  both  bacteria  and  lungi  could  degrade 
these  coalings.  Pitting  of  the  underlying  metal 
coincided  w  iih  blisicrs  and  the  presence  of 
microorganisms,  It  was  demonstrated  (Ref  Mi 
that  null  unci  inning  oi  M4,s3  155-mm  howitzer 
shells  stored  in  humid  environments  was  directly 
related  to  fungal  degradation  of  the  lubricating 
grease  used  to  facilitate  the  screw  connection 
between  ihe  base  and  the  hndv  of  the  shell. 

Indirect  dissolution  of  protective  greases  b\ 
fungi  was  investigated  iRef  Mi.  ^Protective 
greases  are  used  to  provide  corrosion  protection 
for  seven -strand  carbon  steel  cable  used  as  wire 
rope  and  as  highhnes.  Each  cable  is  made  of  six 
strands  wrapped  around  a  central  core.  When 
cable  is  used  as  rope  or  htghline.  the  cable  is 
coated  with  thick  maintenance  grease,  threaded 
°nto  wooden  spools  (Fig.  Ju-cL  and  wrapped  in 
brown  paper  and  black  plastic.  The  maintenance 
grease  is  applied  to  the  cable  to  provide  corrosion 
protection,  W  ire  rope  is  stored  on  wooden  spools 
tor  weeks  to  months  before  being  used.  In  an 
investigation  oi  localized  corrosion  on  wire  rope 
stored  on  wooden  spools,  fungal  growth  was 
observed  on  interiors  of  some  wooden  spools 
stored  outdoors.  Corrosion  was  most  severe  on 
w  raps  ol  wire  in  direct  contact  with  the  wooden 


spool  flanges,  Aspergillus  iu%t>r  and  PetuaUum 
sp.  were  isolated  from  wooden  spool  flanges 
(Fig.  4),  Fungal  isolates  could  not  grow  on  the 
protective  grease  as  the  sole  nuirienr*ource.  The 
isolates  grew'  on  wood  and  produced  copious 
amounts  of  acids  and  CO;,  lu  ail  cases,  localized 
corrosion  was  observed  in  areas  where  acidic 
condensate  dissolved  the  maintenance  grease 
and  exposed  bare  areas  of  carbon  steel. 

Researchers  (Ref  15)  determined  that  &Q9r  of 
lubricants  used  for  protecting  materials  were 
contaminated  with  38  biological  agents  (21  fungi 


(a) 

Fig.  2  A  fJK'u?  ut  dislxindfd  fxih  urr.'th.inc  paml 
lungi  had  ihu  'ruting 


and  17  baetena)  during  storage  and  use.  inde¬ 
pendent  of  climate  or  relative  humidity. 
identified  the  following  species  as  those  most 
frequently  isolated  from  lubricating  oils:  Asper. 
gillux  versicolor,  PmidUmn  efirysogen.  Petu- 
villium  wrrucvsttni.  Scopidariopsis  brevicaulis 
Baa  If  us  subtiUs.  and  Bacillus  pamiiis.  Micro¬ 
organisms  isolated  from  one  particular  lubricant 
could  not  always  grow  vigorously  on  others 
Microbial  growth  in  lubricants  was  accompanied 
by  changes  in  color,  turbidity,  acid  number,  and 
viscosity.  Acid  number  refers  to  the  acid  or  base 


(b) 

^hijwinq  growth  nr  Tunv;i.  i.x  Top  surtai  (*  i!x  L  nijmnlthhfiwmfl  thai 
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composition  of  ^Heating  oils  and  is  also 
referred  to  as  cores  ion  number  Biocides, 
including  4-cap?  royi,  have  been  evaluated  as 
additives  to  prt? tec  lubricants  from  mold  for¬ 
mation.  Biocide  bve  limited  lifetimes  and 
limited  effective  new  (Ref  16), 


Metals  Exposed  to  Hydrocarbon 
Fuels 

One  of  the  most  persistent  corrosion  problems 
throughout  the  niili&ry  is  the  result  of  microbial 
contamination  decomposition  of  hydro¬ 
carbon  fuels  during  fuel  transportation*  storage, 
and  use.  Microbial  Attraction  with  hydrocarbon 
fuels  is  limned  to  vater  availability.  Water  is 
sparingly  soluble  n  hydrocarbons.  -Therefore, 
microbial  growth  in  hydrocarbons  is  con¬ 
centrated  at  oilMfer  interfaces,  emulsified 
water*  and  in  separate  water  phases.  The  volume 
of  water  required  for  microbial  growth  in 
hydrocarbon  fuels  is  extremely  small.  Because 
water  is  a  product  oft  he  microbial  mineralization 
of  organic  substrata,  ii  is  possible  for  microbial 
mineralization  of  fuel  to  generate  a  water  phase 
for  further  proli  feral  inn.  For  example.  Huntut- 
amts  rt'\imu\  the  kerosene  fungus,  grew  in 
HU  mg  water  per  liter  of  kerosene,  and  alter  four 
weeks1  incubation,  the  concentration  ol  water 
increased  more  than  ten  told  t  Ret  E  7  k 

The  tirst  step  in  microbial  decomposition  of 
hvdruearbonx  is  anaerobic  process  that  requires 
molecular  oxygen.  Researchers  [Ret  IN)  com¬ 
pared  degradation  of  hydrocarbons  by  bacteria 
and  fungi  Bacteria  showed  decreasing  abilities 
to  degrade  alkanes  with  increasing  chain  length. 
Filamentous  fungi  did  not  exhibit  a  preference 
for  specific  chain  lengths.  The  tirst  products 
of  microbial  oxidation  of  hydrocarbons  are 
alcohols,  aldehydes,  and  aliphatic  acids. 

An  increase  in  the  corrosivity  of  jet  fuel  iJP4i 
stored  underground  in  unlincd  rock  caverns  in 


Sweden  caused  by  sulfate-reducing  bacteria 
iSRB  1  was  documented  (Ref  19).  Several 
authors  have  documented  the  problem  of  MIC  in 
aircraft  fuel  tanks.  It  was  proposed  (Ref  40*  21 ) 
that  microorganisms  influenced  corrosion  ol 
aluminum  fuel  tanks  by: 

*  Removing  corrosion  inhibitors,  including 
phosphate  and  nitrate,  from  the  medium 

*  Producing  corrosive  metabolites 

*  Establishing  microcenters  for  galvanic  activ¬ 
ity*  including  oxygen  concentration  cells 

*  Removing  electrons  directly  from  the  surface 
of  the  metals 

Several  investigators  reported  a  decrease  in 
bulk  fuel  pH  due  to  metabolites  produced  during 
growth  of  fungi  (Ref  21-25).  One  researcher 
(Ref  24)  demonstrated  a  correlation  between 
growth  of  Cladospariitm  (Hormoamis)  and  pH 
at  fuel/water  interfaces  and  measured  pH  values 
between  4.0  and  5.G  in  the  fuel.  Fungal -influ¬ 
enced  corrosion  has  been  reported  for  carbon 
steel  and  aluminum  alloys  exposed  to  hydro¬ 
carbon  fuels.  Another  investigator  (Ref  22) 
demonstrated  metal  ion  binding  by  fungal 
mycelia*  result  mg  in  metal  ton  concentration 
cells  on  aluminum  surfaces.  It  was  reported  (Ret 
24)  that  corrosivity  increased  with  contact  time 
due  to  accumulation  of  metabolites  under 
microbial  colonics  attached  to  metal  surfaces. 
Others  (Ref  25)  demonstrated  that  the  metabolic 
products  enhanced  aqueous  phase  aggressive¬ 
ness  even  alter  the  life  cycle  of  CUidosponum 
tHomutamisI  was  completed, 

Microbiologically  influenced  corrosion  has 
been  identified  in  engines,  holding  tanks,  skegs. 
and  oily  waste  tanks  on  surface  ships  due  to 
microorganisms  grow  ing  in  water  contaminated 
hydrocarbons.  One  studv  iRef  26)  determined 
that  ship  engine  malfunction  and  corrosion  were 
associated  with  MIC.  The  researchers  identified 
both  bacteria  and  fungi  growing  in  engine 
lubricants  and  attributed  the  problem  to  a  com¬ 
bination  of  mechanisms,  including  depletion  of 
protective  additives,  acid  production,  and  sulfide 
production,  Progressive  changes  in  the  for¬ 
mulations  of  lubricating  oils  have  introduced 
nitrogen*  phosphorus,  and  sulfur  which  provide 
required  nutrients  for  microbial  growth.  The 
current  trend  to  produce  environ  menially  benign 
engine  oils  means  that  the  resulting  formulations 
arc  more  readily  biodegraded  Slow -speed  ma¬ 
rine  engines  are  at  risk  because  they  run  for  long 
periods  of  time  at  constant  temperatures  (37  to 
55  C  or  W  t  o  1 3 1  F )  c  o  nd  u  c  i  v  e  to  m  i  c  robia I 
growth.  Oil  additives  that  encourage  microbial 
growth  include  (Ref  26): 


Mel  jl  e.g.,  humim  -Oilphon.n^ 

Pi  >1  y jiI  ki:n  >  I  Mice  i  ni m iUl-  s 
Kigh-nnikxiul.ir-w^i^hi  vuitwmfk  -icul^ 

Metal  Jillnophitvphaiiw 
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tliiulcrvd  phenol  v  Jitcm.m  bunM-rtiethyl  pliennl 

\roilMUi:  JHWK's-pIkiliyl  U  n:rphih>  Uminc 
,MUI  phosph.ucs 

Aiks  I  An  I  plkivphitk'v.  c.g.,  inm'vyl  plvmph.th: 


Immersion 

Immersion  environments  are  those  in  which 
the  surface  is  boldly  exposed  to  an  aqueous 
environment,  in  contrast  to  the  previous  exam¬ 
ples  in  which  water  was  the  limiting  factor  for 
microbial  growth.  The  most  important  factor 
controlling  the  distribution  of  microorganisms  in 
immersion  environments  is  the  availability  of 
nutrients.  For  example,  organic  nutrients  and 
bacteria  are  most  abundant  in  the  upper  layers  of 
oceans,  and  both  decrease  with  depth  (Ref  27 )r 
Microbial  biofilms  develop  on  all  surfaces  in 
contact  with  aqueous  environments  (Ref  28k 
Chemical  and  electrochemical  characteristics  of 
the  substratum  influence  biofilm  formation  rate 
and  cell  distribution  during  the  first  hours 
of  exposure.  Electrolyte  concentration,  pH, 
organic,  and  inorganic  ions  also  affect  microbial 
settlement,  Biofilm*  produce  an  environment  at 
the  biofilm-surface  interface  that  is  radically 
different  from  that  of  the  bulk  medium  in  terms 
of  pH.  dissolved  oxygen,  and  inorganic  and 
organic  species.  In  some  cases,  the  presence  ot 
localized  microbial  colonies  can  cause  differ¬ 
ential  aeration  cells,  metal  concentrations  cells, 
and  under-deposit  corrosion.  In  addition*  reac¬ 
tions  within  biofilms  can  control  corrosion  rates 
and  mechanisms.  Reactions  are  usually  localized 
and  can  include: 

*  Sulfide  production 

*  Acid  production 

*  Ammonia  production 

*  Metal  deposition 

*  Metal  oxidalion/reduction 

*  Gas  production 

Many  of  the  problems  of  MIC  of  military 
assets  exposed  to  aqueous  environments  are 
directly  related  to  an  operational  mode  that 
i n c  ludes  pen od s  of  stag n at i on ,  Hea t  e x e ha n ge rs . 
lire  protection  systems,  holding  tanks*  and 
transfer  lines  are  exposed  to  flow/no- flow 
cycles.  The  following  statements  are  applicable 
for  disr tiled/ demineralized*  fresh,  exiuanne,  and 
marine  waters.  During  stagnation*  natural  Is 
occurring  microorganisms  form  a  biofilm,  and 
aerobic  microorganisms  use  the  dissolved  oxy¬ 
gen  as  ihe  terminal  electron  acceptor.  If  the  rate 
of  respiration  is  faster  than  the  rate  of  oxygen 
diffusion  through  the  biolilm.  the  metal/bio  film 
interface  becomes  anaerobic,  allowing  anaerobic 
bacteria  to  *  produce  corrosive  metabolites, 
including  acids  and  su Hides.  The  amount  ot 
sulfide  that  can  be  produced  within  a  biofilm 
depends  on  the  sulfate  concentration  and  the 
numbers  and  activities  of  SRB  Seawater  con¬ 
tains  approximately  2  g/L  of  suit  ate  and  a 
population  of  SRB  whose  numbers  vary  with 
nutrient  concentration*  Most  sulfide  films  are 
not  tenacious  and  are  easily  removed  by  turbu¬ 
lence.  Introduction  of  flowing  oxygenated 
water  causes  oxidation  and/or  disruption  ol 
surface  deposits  formed  under  stagnant  condi¬ 
tions. 

Copper  alloys  have  a  long  history  of  suc¬ 
cessful  application  m  seawater  piping  systems 
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due  to  their  corrosion  resistance,  ami  fouling 
properties,  arxl  mechanical  properties.  The 
corrosion  resistance  of  copper  in  seawater  is 
attributable  to  she  formation  of  a  protective  Him 
that  ispredom  in  ant  I  y  cuprous  oxide.  irrespective 
of  alloy  composition  (Ref  29).  Copper  ions  and 
electrons  pass*  through  the  Him.  In  seawater, 
copper  ions  dissolve  and  precipitate  as 
Cu2<OH)]C1  CRef  30).  Copper  seawater  piping 
systems  are  often  exposed  to  polluted  harbor 
water  containing  sulfides.  In  the  presence  of 
sulfides,  copper  ions  migrate  through  the  layer, 
react  with  sulfide,  and  produce  a  thick  black 
scale.  Failure  of  copper- nickel  pipes  in  estuarine 
and  seawaters  can  be  associated  with  waterborne 
sulfides  that  stimulate  pitting  and  stress  corro¬ 
sion  cracking  (Ref  31-34).  9()Cu-10Ni  suffered 
accelerated  corrosion  attack  in  seawater  con¬ 
tain  i  ng  0.0 1  ppm  s  u  I  tide  a  ft  er  a  o  ne  day  e  x  po  s  u  re 
(Ref  35).  Galvanic  relationships  between 
normally  compatible  copper  piping  and  lilting 
alloys  become  incompatible  after  exposure  to 
sul tide-containing  seawater  (Ref  33  h 

Sulfides  produced  within  bioiilms  have  the 
same  effect  as  waterborne  su Hides  on  copper 
allays.  Alloying  additions  of  nickel  andiron  into 
the  highly  defective  p-type  CloQ  corrosion 
product  Him  alters  the  structure  {Ref  29 1  and 
results  in  a  Him  that  possesses  low  electronic  and 
ionic  conductivity.  In  an  attempt  to  prevent  sul¬ 
fide-induced  corrosion  of  copper- nickel  piping. 
FeS04  treat  moms  were  evaluated.  Corrosion 
of  FeSCVt routed  pipes  was  compared  with 
untreated  pipes  i hat  had  been  cleaned  according 
to  military  specifications  (Ref  361.  Batch  FeS04 
treatments  did  not  result  in  a  persistent  increase 
in  surface -bound  iron.  The  authors  found  that  the 
dissolved  iron  concentration  m  most  harbor 
waters  exceeded  the  amount  of  iron  in  the 
recommended  batch  FeSOi  treatments  Ferrous 
sulfate  (0.10  mg/L  ferrous  ton)  treatments  for 
9OCu-l0Ni  and  7(JCu-30Ni  alloys  were  eval¬ 
uated  (Ref  37).  Neither  pret  real  mem  before 
sul  Hde  exposure  nor  intermit  tent  [real  mem  dur¬ 
ing  sul  tide  exposure  signiJicamly  reduced  sulfide 
attack  on  either  alloy  However,  continuous 
treatment  eliminated  the  attack  on  both  alloys 
because  the  FeS04  removed  su  11  ides  from 
solution. 

Nickel  Alloys.  Nickel  201.  sometimes  used 
for  heat  exchangers  with  distilled  water,  is  vul¬ 
nerable  to  microhiologically  produced  acids 
(Ref  38).  The  Nt-Cu  alloys  are  used  in  seawater 
under  conditions  including  high  velocity  <  pro¬ 
peller  shafts,  propellers,  pump  impellers,  pump 
shafts,  and  condensers i.  where  resistance  to 
cavitation  and  impingement  is  required.  Under 
turbulent  and  erosive  conditions*  nickel -copper 
alloys  are  superior  to  predominantly  copper 
alloys  because  the  protective  surface  film 
remains  intact.  Nickel  alloys  are  used  exten¬ 
sively  in  highly  aerated,  high-velocity  sea  water 
applications.  The  formation  of  the  protective 
til m  on  nickel  is  aided  by  the  presence  of  iron, 
aluminum,  and  silicon.  However,  under  stagnant 
seawater  conditions,  nickel-copper  alloys  are 
susceptible  to  pitting  and  crevice  corrosion 


attack  where  chlorides  penetrate  the  passive  Him 
(Ref  39).  SuIHdes  produced  by  5RB  cause  either 
a  modification  or  breakdown  of  the  oxide  layer 
and  dealloying  (Ref  401.  Another  report  (Ref  41  > 
indicated  that  predominantly  nickel  alloys  were 
susceptible  to  underdeposit  corrosion  and  oxy¬ 
gen  concentration  cells.  Other  studies  (Ref  42. 
43)  demonstrated  pitting  and  denickel  Heat  ion  of 
nickel -copper  tubes  exposed  in  Arabian  Gulf 
seawater  with  deposits  of  SRB. 

Stainless  Steels,  The  corrosion  resistance  of 
stainless  steel  is  due  to  the  formation  of  a  thin 
passive  chromium- iron  oxide  film.  Crevice  cor¬ 
rosion  is  the  most  problematic  issue  affecting  the 
performance  of  stainless  steels  in  seawater, 
investigators  (Ref  44)  studied  crevice  corrosion 
of  stainless  steel  beneath  dead  barnacles  and 
proposed  the  following  scenario: 

*  Decomposition  of  the  barnacle  by  aerobic 
bacteria,  including  Thiohacillus,  reduces  pH 
within  the  barnacle  shell, 

*  The  acid  penetrates  the  shell  base  and  initiates 
a  corrosion  ceil  between  the  erev ice  area  and 
the  exposed  5$  substratum, 

*  Crevice  corrosion  initiates  near  the  edge  of 
the  shell  base  and  propagates  inward. 

Crevice  corrosion  is  exacerbated  in  warm  natural 
seawater  where  biofilms  form  rapidly.  Pit 
propagation  under  barnacles  is  assisted  by  poor 
water  circulation. 

Several  investigators  t  Ret  45-52)  have  docu¬ 
mented  the  tendency  forbtorilms  to  cause  a  noble 
shift,  or  an  ennoblement,  in  open -circuit  poten¬ 
tial  of  passive  alloys  exposed  m  marine  envi¬ 
ronments.  A  No  vs  tested  include,  hut  are  not 
limited  to:  UNS  S50400.  S 3040 3.  S.'lhlX). 
S3 1 603.  S3 1703.  S3 1803,  NO  8904,  N08367, 
S  44660.  S209111*  S44735.  N  1027b,  and  R50250. 
The  practical  importance  of  ennoblement  is 
increased  probability  of  localised  corrosion  as 
Etl,rr  approaches  the  pitting  potential  <£pi()  lor 
stainless  steels  vulnerable  to  crevice  corrosion, 
especially  types  304  (UNS  S 30400)  and  31b 
fU NS  S3  1 600),  Investigators  (Refs  53,  54)  con¬ 
cluded  that  biolilms  increased  the  propagation 
rate  of  crevice  corrosion  for  UNS  S3 1 603. 
S3 1 725  and  N0S9D4  by  I  to  3  orders  of  magni¬ 
tude.  They  attributed  ennoblement  to  an  increase 
in  kinetics  of  the  cathodic  reaction  by  the 
hiutilms.  Others  (Ref  55.  5b t  demonstrated  that 
ennoblement  of  electrochemical  potential  in 
the  presence  of  a  biolilm  could  be  reconciled 
without  reference  to  modified  oxygen  reduction 
mechanisms  and  without  enhancement  of 
cathodic  processes.  They  concluded  that  the 
biolilm  does  not  directly  affect  oxygen  reduction 
near  ihe  equilibrium  potential  and  far  from  the 
oxygen  diffusion  limiting  current.  They  further 
e o ne  I  tide d  t hat  H  :  and  man g a n esc  oxides  did 
not  play  a  direct  role  in  the  oxygen  reduction 
process  at  potentials  >  300m  VSCI;  Instead,  they 
demonstrated  that  anodic  oxidation  of  organic 
material  m  hiotilms  produced  currents  corre¬ 
sponding  to  passive  currents  or  higher.  Oxidation 
of  organic  material  affects  the  value  of  [lie 


corrosion  potential  and  lowers  the  pH  at  the 

surface. 

One  of  the  most  common  forms  of  MIC  attack 
in  austenitic  stainless  steel  is  pitting  at  or  adja¬ 
cent  to  welds.  The  following  observations  were 
made  for  MIC  in  304L  (UNS  S30403 1  and  3  1 6L 
(UNS  S3 1603)  weldments  (Ref  57):  both  auste¬ 
nite  and  delta  femte  phases  may  be  susceptible; 
and  varying  combinations  of  filler  and  base 
materials  failed,  including  matching,  higher-, 
and  lower-alloyed  filler  combinations.  Micro 
segregation  of  chromium  and  molybdenum  with 
chemically  depleted  regions  increases  suscept¬ 
ibility  to  localized  attack. 

Candidate  materials  for  a  double  hull  vessel 
designed  with  permanent  water  ballast.  316L, 
Nitronic  50  (UNS  S2Q9I0),  and  AL6XN 
IN0H367)  were  evaluated  for  potential  MIC  in 
flowing  and  stagnant  freshwater  and  seawater 
I  Ref  58).  No  pitting  was  observed  in  AL6XN 
under  any  exposure  condition  after  one  year. 
Leaks  were  located  at  w  eld  seams  of  Nitronic  50 
and  316L  stainless  steels  after  6  and  8  week 
exposures  to  stagnant  and  slowing  seawater.  A 
failed  vertical  weld  in  3 16  stainless  steel  after  an 
H  week  exposure  to  stagnant  natural  seawater  is 
shown  in  Fig.  5tu).  Figure  5ihj  is  the  corre¬ 
sponding  x-ray  image  indicating  failure  due  to 
pining.  In  all  cases,  large  numbers  of  bacteria 
were  associated  with  the  corrosion  products 
(Fig.  5c  I.  Residual  material  m  pits  was  typical  of 
removal  of  iron.  A  scanning  vibrating  electrode 
technique  was  used  to  demonstrate  tfiat  there 
were  no  persistent  anodic  sites  in  autogenous 
welds  or  heat  affected  /ones  of  these  materials 
exposed  to  sionie  seawater  The  spatial  and 
causal  relationship  between  bacteria  and  pitting 
in  weldments  in  300  senes  stainless  steels  is  well 
dtx.'umemed  (Ref  59.  60k 

Ethylene  glycol/water  and  propylene  glycol/ 
water  mixtures  were  evaluated  as  permanent 
ballast  waters  for  3I6L  double  hull  vessels 
l Ref  60k The  compounds  arc  attractive  as  halkisi 
liquids  because  they  will  have  minimal  impact  if 
the  outer  hull  is  breached  and  the  glycols  are 
released  to  the  environment.  Both  have  low 
volatility  and  are  miscible  with  water.  Iti  terms 
of  corrosion  protection,  propylene  glycnl-hased 
mixtures  were  shown  to  protect  against  puling  of 
3loL  m  concentrations  of  50rf  or  higher  when 
mixed  with  .seawater  l3. 5rr  salinity).  Slightly 
higher  concentrations  (55"r)  of  ethylene  glycol- 
based  mixtures  were  required  under  the  same 
conditions  to  prevent  pitting.  The  compounds 
have  little  or  no  capacity  to  bind  to  purlieu laies 
and  will  be  mobile  in  soils  or  sediments.  Glycol- 
bused  mixtures  were  also  shown  to  be  bacterio¬ 
static  at  concentrations  above  I0rr  Also,  the  low 
octanol/waier  partition  coefficient  and  measured 
bioeoncem ration  factors  in  a  few  organisms 
indicate  low  capacity  for  hioaecumu  latum. 

Carbon  Steel.  Unexpectedly  rapid  localized 
corrosion  of  steel  bulkheads  and  ship  hull  plating 
of  tankers  in  marine  harhor  environments  was 
documented  ( Ref  6 1).  In  each  case,  (he  localized 
attack  was  found  beneath  macrofoul ing  layers. 
The  biolilm  at  and  around  l he  corrosion  sites  w'as 
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populated  with  a  rich  consortium  ol  aerobic  and 
anacrohie  microorganisms,  and  the  SRB  popu¬ 
lation  was  elevated  by  several  orders  ol  magni¬ 
tude  above  that  in  the  biotibn  remote  lo  corrosion 
sites.  Researchers  I  Rel  f>2l  demonstrated  a 
cycle  of  sulfur  oxidation  and  reduction  causing 
aggressive  corrosion  of  steel  pi  lines  in  a  harbor. 
At  low  tide,  the  fouling  layer  was  thoroughly 
aerated  and  thiobacilli  produced  oxidized  sulfur 
species.  Hi  eh  tide  produced  anaerobic  condi lions 
within  the  fouling  layers  and  reduction  of  sulfur 
compounds. 

Natural  seawater  has  also  been  evaluated  as  a 
ballast  fluid  in  unpamted  1020  carbon  steel  bal¬ 
last  tan  ks,  and  deoxy  genet  ion  has  been  proposed 
as  a  method  to  reduce  corrosion.  However,  it  was 
determined  (Rof  65)  that  corrosion  of  1 02(1 
carbon  steel  coupons  m  natural  seawater  over  a 
six  month  period  was  more  aggressive  under 
stagnant  anaerobic  conditions  than  stagnant 
aerobic  emidi lions  as  measured  by  weight  loss 
and  instantaneous  corrosion  rale  tpolan/ation 
resistance)  I  Fig,  bi,  Under  oxygenated  condi¬ 
tions.  a  two-tiered  oxide  layer  formed  (Fig.  7a l . 
The  outer  oxide  layer  was  reddish-brown 
and  contained  numerous  filamentous  bacteria 
<Ftg.  7b).  The  inner  oxide  was  extremely 
adherent  and  resistani  to  acid  cleaning.  Under 
anaerobic  conditions,  a  nnmenucttKiX  suit W-ricIl 
corrosion  product  with  enmeshed  bacteria 
formed  on  carbon  steel  surfaces  iFig.  7c.  dl. 
hi  anaerobic  exposures,  corrosion  was  more 
aggressive  on  horizontally  oriented  coupons 
compared  with  vertically  oriented  coupons.  Bulk 


water  chemistry  and  microbial  populations  were 
measured  as  a  function  of  time.  Both  were 
dynamic  despite  the  stagnant  conditions. 

Ctuiukiwuliy  Protected  Curhnn  Steel  In  most 
cases,  carbon  steel  used  in  seawater  is  cath- 
odically  protected  or  painted.  It  has  been  repor¬ 
ted  that  cathodic  protection  retards  microbial 
growth  because  of  the  alkaline  pH  generated  at 
the  surface.  It  was  demonstrated  iRet  64)  that  a 
potential  of  -  LI0  V  SCE  markedly  decreased 
settlement  of  BuUmus  eyprids  on  painted  steel 
surfaces,  but  it  had  no  effect  on  settlement,  sand- 
lube  building,  reproduction,  or  larval  release 
of  other  species.  Biofouling  in  seawater  was 
retarded  using  pulsed  cathodic  polarization  of 
steel  (Ref  65>. 

Numerous  investigators  have  demonstrated  a 
relationship  between  marine  fouling  and  calcar¬ 
eous  deposits  on  cathodically  protected  surfaces 
{Ref  66-6S}:  however,  their  interrelationships 
are  not  understood.  Microbiological  data  for 
cathodically  polarized  surfaces  are  often  con¬ 
fusing  and  impossible  to  compare  because  ot 
differing  experimental  conditions  ( laboratory 
vs.  held)  and  techniques  used  to  evaluate 
constituents  within  ihe  biotilm.  Differences  in 
organic  content  of  sg  a  water  (hat  produced  dif¬ 
ferences  in  current  density,  electrochemistry, 
calcareous  deposits,  and  biotilm  formation  have 
been  reported  { Ref  66  k 

The  in ttue nee  of  a  preexisting  biotilm  on  the 
formation  of  calcareous  deposits  under  cathodic 
protection  in  natural  seawater  was  studied 
{Ref  67 1.  It  was  shown  that  applied  current 


densities  up  to  100  pA/crtr  did  not  remove 
attached  biotilms  from  stainless  steel  surfaces. 
Both  natural  marine  and  laboratory  uulturcs 
changed  the  morphology  of  calcareous  deposits 
formed  under  cathodic  polarization  at  a  current 
density  of  l(X)  pA/crcr, 

In  one  study  (Ref  69).  cathodic  potentials  to 
-  l(XH)  mV  SCE  caused  a  decrease  in  pH  and  an 
increase  of  SRB  on  carbon  steel.  At  potentials 
more  negative  than  -  IlMH)  mV  SCE,  the  pH 
became  more  alkaline  and  SRB  numbers 
decreased.  A  sludy  of  the  influence  of  SRB  in 
marine  sediments  using  electrochemical  im¬ 
pedance  spectroscopy  to  monitor  corrosion  and 
lipid  analysis  as  biological  markers,  eomple 
men  ted  by  chemical  and  microbiological  analy¬ 
sis.  showed  {hut  -KtiO  mV  SCE  encouraged  the 
growth  of  hv drogenase -posi t i v e  bacteria  in  the 
sediment  surrounding  the  metal  and  facilitated 
ihe  growth  of  other  SRB  species  {Rel  70). 

Because  the  enumeration  technique  strongly 
influences  the  number  of  cells  one  is  able  to 
count,  and  because  the  number  of  cells  cannot  be 
equated  to  cellular  activity,  including  sulfate 
reduction,  some  investigators  have  atiempied  to 
measure  cellular  activity  directly  on  cathodically 
protected  surfaces.  One  investigator  (Ref  71 1 
calhodically  protected  50 D  mild  steel  4360) 
coupons  exposed  in  the  estuarine  waters  ol 
Aberdeen  Harbor  using  an  imposed  potential  of 
-950  mV  Cu  CuSOj  and  sacrilieial  anodes. 
Activities  within  biolilnis  were  determined 
using  a  radtorcspirometric  method — a  technique 
for  studying  microbial  respiration  using 
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Ftp  ft  Instantaneous  corrosion  rates  using  polarization  resistance  ifl1(i  ior  carbon  siotfl  exposed  in  siagnjni  M  m Inc  or 
iuuoanf  .in aerobic  natural  seawater.  Corrosion  fates  were  higher  tor  ihe  aiwernhfc:  exposures  solid  Imesi  ih.m 
or  aerobic  exposure  ibrdken  linirsi.  R 1 . R2 ,  R3.  and  R4  aier  to  the  vertical  location  ot  ihe  electrode,  with  K I  ht-mt;  closest  tn 
he  water  sun  ace  and  R4  bcated  at  the  bottom  oi  the  experimental  chamber. 


(c)  (d) 

Fie  7  Carbon  steel  electrodes  expositl  to  aifobu  and  anaerobic  naiural  seawater  lor  »'tU  da\s  a-  \emlm . 

dll  Aerotm  Scanning  elec  iron  irnvrnguph  ot  imnoxnle  encrusted  hat  term  enmeshed  m  >  urmtion  produt  t\ 
ici  Anaerohn  nil  Viwrnhu  Scanning  Hi* iron  micrograph  oi  hj I fidu-eni  rusted  organisms  enmevhi'd  n  .  nrnKion 

pri  ii  Iik  is. 


radiolabeled  substrates  or  electron  acceptors, 
Biohlms  developed  on  all  substrata — both 
unprotected  and  eathodically  protected  surfaces. 
The  activities  ot'  aerobic  and  anaerobic  bacteria, 
including  SRB.  were  significantly  greater  on 
unprotected  coupons.  Furthermore,  sulhde,  a 
metabolic  fingerprint  of  SRB  activity,  could  be 
detected  only  in  biohlms  on  unprotected 
coupons.  These  results  show  that  a  potential  of 
-950  mV  Cu:  CuSOj  does  not  prevent  SRB 
from  developing  on  eathodically  protected  sur¬ 
faces*  The  lower  activity  of  SRB  within  biohlms 
on  eathodically  protected  coupons  was  not 
directly  caused  by  any  inhibitory  effect  of  the 
cathodic  potential.  Instead,  the  greater  activity  of 
SRB  on  unprotected  coupons  was  the  result  oi 
production  of  an  extensive  corrosion  film  offer¬ 
ing  more  favorable  anaerobic  conditions. 

The  NACE  Standard  (Ref  72).  which  is 
currently  under  revision,  lists  cathodic  protection 
criteria  for  underground  or  submerged  steel,  cast 
iron,  aluminum,  and  copper  structures,  Micro- 
bioiogieally  influenced  corrosion  is  cited  as  'one 
of  several  abnormal  conditions  which  sometimes 
exist  and  where  cathodic  protection  is  ineffective 
or  only  partially  effective,*  It  is  important  to 
point  out  that  in  several  studies  t  Re!  66-68), 
SRB  were  present  on  eathodically  protected 
steels,  hut  accelerated  corrosion  was  not 
reported. 

Thermodynamic  data  with  iron  m  a  pH  7 
electrolyte  saturated  with  hydrogen  xuitide  was 
studied  i  Ref  73 1 .  A  potential  of  -  1024  mV  SCE 
was  required  to  achieve  cathodic  protection.  It 
was  demonstrated  iRet  74)  that  -  1024  mV  was 
capable  of  providing  cathodic  protection  in  the 
presence  of  active  SRB.  The  influence  of 
cathodic  protection  on  the  growth  of  SRB  and  on 
corrosion  of  steel  in  marine  sediments  was 
investigated  tRcf  75),  The  investigators  con¬ 
cluded  that  a  cathodic  potent tul  ot  -880  mV 
SCE  did  not  appear  to  he  sufficient  lor  protection 
and  that  large  amounts  ol  eathodically  produced 
hydrogen  promoted  the  growth  of  SRB  m  the 
sediments  surrounding  the  samples.  Laboratory 
tests  were  conducted  iRel  761  in  anaerobic, 
.imlicial  sediments  containing  SRB  Results 
indicated  that  a  polarization  of  -  1024  mV  SCE 
was  adequate  tor  corrosion  protection.  Cathodic 
protection  current  density  was  between  4  5  and 
12  mA/fr.  Another  study  ( Ref  77)  indicated  that 
a  cathodic  potential  of  —  1 054  mV  SCE  lowered 
the  corrosion  rate  of  steel  by  82.7*7 ,  even  though 
protective  potentials  in  the  range  —774  to 
-  |  1 34  mV  SCE  did  not  inhibit  growth  of  SRB, 
U  was  concluded  t  Ref  78)  that  if  anaerobic  bac¬ 
terial  activity  is  suspected,  a  cathodic  polarisa¬ 
tion  shift  of  approximately  200  to  300  mV  SCE 
is  required  for  carbon  steel  protection.  Cathodic 
protection  was  imposed  on  steel  surfaces 
actively  corroding  in  cultures  of  SRB  (Ref  79), 
and  it  was  concluded  that  cathodic  protection  in 
the  presence  of  SRB  decreased  corrosion  by  a 
factor  of  8  or  9, 

It  was  shown  (Ref  SO)  that  eathodically 
protected  stainless  steel  surfaces  in  artificial 
seawater  can  become  colonized  by  aerobic. 
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acid-producing  ^aeria.  Form  alum  of  calcar¬ 
eous  deposits  initial  settlement  ot  micro* 
organisms  rest*-  fRd  in  decreased  current  density 
requirements  co  maintain  u  protection  potential. 
Subsequent  coloizaiion  and  pH  changes  desta¬ 
bilized  the  cal  cartons  deposits  and  dramatically 
increased  (he  current  density  required  to  main¬ 
tain  the  protec  ted  potential 

Hydrogen  etnltitllemeiH  ot  carbon  steel  is  a 
form  ot  cojtos.  ioa  involving  the  cathodic  reac¬ 
tion.  Atomic  hydrogen  generated  in  the  cathodic 
reaction  penetrate  the  steel  resulting  in  the  loss 
of  ductility.  A  nutnberof  mechanisms  have  been 
postulated  to  account  for  the  embrittlement 
effect,  which.  when  combined  with  the  presence 
of  local  region  s  of  high  stress,  can  result  in  severe 
cracking  (Ref  Sb.  Hydrogen  embrittlement  is 
enhanced  by  the  high  levels  of  hydrogen  gener¬ 
ated  by  SRB  under  certain  condition,  as  well  as 
that  generated  by  overly  aggressive  cathodic 
protection  systems.  It  the  levels  ot  cathodic 
protection  are  i  nereased  loo  high  to  combat  5RR 
corrosion,  there  is  a  danger  that  hydrogen 
embrittlement  may  be  enhanced.  The  presence  of 
HaS,  which  can  be  produced  by  SRB,  is  known  to 
retard  formation  of  molecular  hydrogen  on  the 
metal  surface  and  to  enhance  adsorption  of 
atomic  hydrogen  by  the  metal.  Whenever  algae 
provide  conditions  lor  SRB.  they  may  also 
enhance  hydrogen  embrittle  mem. 

In  summary .  bacteria  can  settle  on  cath- 
udically  protected  surfaces.  Cathodic  potentials 
to  — 107-4  mV  SCE  do  not  prevent  btotilm 
formation  It  has  been  suggested  that  actual  cell 
numbers  may  be  related  to  polarization  potential, 
dissolved  organic  carbon,  or  to  ihe  enumeration 
technique.  Numbers  of  SRB  may  be  increased 
or  decreased  depending  on  exposure  conditions. 
Carbon  steel  is  considered  protected  when  a 
potential  of  -924  mV  SCE  is  achieved.  In 
many  eases,  the  potential  is  further  reduced 
lo  2  1024  mV  SCE  to  protect  the  steel  from 
corrosion  caused  from  the  activity  of  SRB.  The 
decreased  potential  is  not  applied  to  prevent 
growth  of  SRB  but  IS  based  on  a  theoretical  level 
that  will  allow  passivity  of  steel  in  a  sullide-rieh 
environment  produced  by  SRB.  The  mam  con¬ 
sequence  of  hiuhlm  formation  on  protected 
surfaces  appears  to  be  an  increase  in  the  current 
density  necessary  to  polarize  ihe  metal  to  ihe 
protected  potential  The  presence  of  large  num¬ 
bers  of  cells  on  caihodically  protected  surfaces 
does  mean  that  in  the  event  that  cathodic 
protection  is  intermittent,  discontinuous,  or 
discontinued,  the  corrosion  attack  due  to  the 
microorganisms  will  be  more  aggressive. 

Coated  Carbon  Steel  Although  coatings 
alone  do  not  prevent  MIC,  they  delay  the  onset  of 
MIC  and  oilier  corrosion  reactions,  Many  types 
of  polymeric  coatings  can  be  subject  to  biode¬ 
gradation.  The  attack  is  usually  caused  by  acids 
or  enzymes  produced  by  bacteria  or  fungi.  This 
often  results  in  selective  attack  on  one  or  more 
specific  components  ot  a  coaling  system  with 
consequent  increase  in  porosity  and  water  or 
other  urn  transport  through  ihe  coating  and  the 
formation  of  blisters,  breaches,  and  disbonded 


areas.  Many  of  these  effects  have  recently  been 
reviewed  (Ref  82).  It  was  also  demonstrated 
(Ref  83)  that  marine  bacteria  are  attracted 
to  corrosion  products  at  coating  defects.  The 
microorganisms  responsible  for  damage  to 
coatings  may  or  may  not  be  involved  in  corrosion 
initiation  under  the  damaged  coating. 

Titanium  and  Titanium  Alloys.  There  arc  no 
case  histories  of  MIC  for  titanium  and  its  alloys. 
One  investigator  (Ref  84)  reviewed  mechanisms 
for  MIC  and  titanium's  corrosion  behavior  under 
a  broad  range  of  conditions.  He  concluded  thal  at 
temperatures  below  100  C  (212  JF)  titanium  is 
not  vulnerable  to  iron/sul fur-oxidizing  bacteria. 
SRB.  acid-producing  bacteria,  differential 
aeration  cells,  chloride  concentration  cells,  and 
hydrogen  embrittlement.  In  laboratory  studies, 
(Ref  85)  corrosion  of  Grade  2  titanium  (UNS 
850400)  was  not  observed  in  the  presence 
of  SRB  or  iron/sulfur-oxidizing  bacteria  at 
mesophilic  (23  °C.  or  73  SF>  or  thermophilic 
(70  JC,  or  158  *F)  temperatures.  Using  the 
model  in  Ref  86,  one  would  predict  that  titanium 
would  be  immune  to  SRB-induced  corrosion. 
There  are  no  standard  free  energy  reaction  data 
tor  the  formation  of  a  titanium  sullide.  If  one 
assumes  a  hypothetical  sullide  product  to  he 
titanium  sui tide,  the  standard  enthalpy  of  reac¬ 
tion  is  +587  kl  While  standard  free  energies  ot 
reaction  are  not  identical  to  standard  enthalpies 
of  reaction,  it  is  still  unlikely  thai  titanium 
will  be  converted  to  the  sullide  under  standard 
conditions  of  temperature  and  pressure. 

Aluminum  alloys  were  evaluated  I  Ret  87 1 
for  the  impact  of  microorganisms  on  corrosion  of 
aircraft  in  bilge  and  toilet  areas.  The  researchers 
isolated  numerous  microbiological  species  and 
were  able  to  cause  corrosion  of  7075,  which 
is  used  in  aircraft  construction.  However,  the 
authors  could  not  relate  their  experiments  to 
actual  aircraft. 

Polymeric  Composites,  Microorganisms  and 
their  products  can  be  responsible  tor  changes 
m  physical,  chemical,  and  electrochemical 
p  rope  rt  i  e  s  of  po  I  y  me  ri  c  m  ate  ri  a  k .  Re  le  re  nee  88 
demonstrated  that  under  immersion  conditions, 
epoxy  and  nylon  coatings  on  steel  were  breached 
by  mixed  cultures  of  marine  bacteria. 

In  laboratory  experiments  (Ref  89),  it  wax 
demonstrated  that  epoxy  resin  and  carbon  Eihcrs, 
either  individually  or  in  composite,  were  not 
degraded  by  su  1 1  ur/i  run-oxidizing.  'hvdrogcn- 
produeing,  calcareous  depositing,  or  SRB. 
Bacteria  colonized  resins.  fibers,  and  composites 
but  did  not  cause  damage.  Sul  fate -reducing 
bacteria  preferentially  colonized  vinyl  esier 
composites  at  the  fiber-resin  interfaces,  and 
hydrogen-producing  bacteria  appeared  to  disrupt 
the  liber- vinyl  ester  resin  bonding  with  penetra¬ 
tion  of  the  vinyl  ester  resin. 

It  is  standard  practice  to  coat  the  surface  ot  the 
filaments  with  a  sizing  chemical  to  provide  a 
belter  bonding  with  the  resin  matrix  and  to  pre¬ 
vent  abrasion  between  individual  fibers  during 
shipping  and  handling.  TIhn  treatment  permits 
optimal  stress  transmission  between  (i laments. 
Fiber  sizing  chemicals  are  starch-oil  mixtures. 


The  sizing  materials  are  highly  susceptible  to 
biodegradation  of  strength  resulting  from  abra¬ 
sion  between  fibers  and  as  a  coupling  agent  to  the 
matrix.  The  sizing  materials  are  highly  suscep¬ 
tible  to  biodegradation  and  can  be  expected  to 
decompose  in  the  presence  of  contaminating 
microorganisms  (Ref  90). 

Researchers  (Ref  91.  92 1  investigated  fungal 
degradation  of  polyimides  used  as  insulators  in 
electronic  packaging.  Growth  of  microorgan¬ 
isms  on  these  polymers  was  found  to  result 
in  loss  of  their  dielectric  properties.  They  also 
studied  biodeieriorafion  of  fiber -re  in  forced 
composites,  graphite  sheets,  and  graphite  fibers 
used  in  composite  materials.  They  observed 
fungal  penetration  into  composite  resin  and 
graphite  sheets  and  concluded  that  fungi  caused 
substantial  damage  to  composites  under  condi¬ 
tions  favorable  to  fungal  growth.  Investigators 
(Ref  93)  demonstrated  in  the  laboratory  that 
mixed  cultures  of  marine  baetena  could 
penetrate  three  conductive  caulks  (PRC  1764. 
P185QU,  and  P18505)  used  to  secure  antenna 
foundations  to  ship  superstructures. 

Burial  Environments 

Tapes  and  coatings  for  buried  pipes  and  cables 
are  susceptible  to  biodegradation  and  MIC  (Ref 
94 1.  A  recent  Ntudy  evaluated  the  potential  for 
MIC  of  unexploded  ordnances  iL’XO)  buried  in 
soil  environments.  Uncxploded  ordnances  are 
military  munitions  ihai  have  been  prepared  for 
actum  hut  remain  unexploded  and  coast  it  ute  a 
potential  hazard.  The  1998  Defense'  Science 
Board  estimated  1 .400  individual  sites  contained 
UXO  i  Ref  95 1.  The  munitions  corrode  ai  varying 
Mte-sperilic  corrosion  rates.  In  most  Mihsurlace 
environments,  microbial  growih  limited  by 
water.  The  likelihood  that  MIC  will  take  place  is 
direct  I  v  related  to  water  availability.  Micro¬ 
organisms  concentrate  at  interfaces,  including 
no i I /surface  interfaces.  A  survey  determined  that 
the  microbial  populations  measured  on  (he  sur¬ 
face  of  UXO  were  sufficient  to  cause  localized 
corrosion  and  that  the  most  likely  mechanism 
was  microbial  acid  production.  Microbial  I \ 
induced  corrosion  of  carbon  steel  is  independent 
of  pH  over  pH  \  alue'*  4,5  to  9.5-  In  this  range,  the 
corrosion  products  maintain  a  pH  of  9.5  next  to 
the  steel  surface,  regardless  of  the  pH  of  the 
solution.  At- a  pH  of  4  or  below,  hydrogen  evo¬ 
lution  begins  and  corrosion  increases  rapidly 
Fungi  and  acid-producing  bacteria  can  reduce 
the  pH  locally  to  values  below  4.0.  The  localized 
corrosion  mechanism  of  the  steel  fragments  was 
in  many  cases  pitting,  with  pus  inside  pus. 
indicating  multiple  initiation  sites.  In  other  cases, 
tunneling  was  observed.  Both  types  ot  localized 
corrosion  are  consistent  with  microbiological 
ac  i  d  -  i  n  duce  d  c  orro  si  on . 
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